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When a subject views a visual stimulus paired with a brief click, a second click occurring 80 ms later produces the hallucination
of a second visual stimulus. We have used combinations of visual and sound stimuli to evoke cortical activity and have recorded the
associated event-related potentials. We have recorded EPs in a conventional manner, and have calculated from multichannel re-
cordings the Laplacian derivations to determine if the currents were generated in primary visual cortex. Clicks alone do not cause
signiﬁcant activity in V1, but if paired with pattern stimulation, modify the evoked potential. The timing of this extra activity almost
certainly excludes ‘‘feed back’’ activation from higher centres, and can most simply be explained if sound-activated thalamo-cortical
input can rapidly produce extra activity in primed visual cortex. This ﬁnding has general implications for cortical function, for the
generation of the hallucination and for blindsight.
 2003 Elsevier Ltd. All rights reserved.
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There is evidence from psychological experiments,
single cell recordings in animals, and evoked potential
and imaging experiments in man, that although to a ﬁrst
approximation, the input to primary sensory cortex
evokes a characteristic response, it can be modiﬁed by
concurrent stimulation of another sensory modality
(Bermant & Welch, 1976; Finney, Fine, & Dobkins,
2000; Fishman & Micheal, 1973; Kitigawa & Ichihara,
2002; McIntosh, Cabeza, Lobaugh, & Houle, 1996;
Morrell, 1972; Reisberg, 1978; Schroeger & Widmann,
1998; Sekuler, Sekuler, & Lau, 1997; Stein & London,
1996). Most of this interaction occurs in higher (asso-
ciation) areas of the cortex, but multimodal neurones
have been described close by or even within the primary
areas that receive direct input from the thalamic nuclei
(Barth, Goldberg, Brett, & Di, 1995), and cortical re-* Corresponding author. Tel.: +44-207-040-8863; fax: +44-207-040-
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sensory modalities (Meredith, Nemitz, & Stein, 1987;
Shimojo & Shams, 2001; Wallace & Stein, 1994). A
diﬀerent class of interaction has recently been described
(Shams, Kamitami, & Shimojo, 2000; Shimojo &
Shams, 2001). When a subject views a visual stimulus
paired with a brief click, a second click, occurring 60
ms later produces the sensation of a second visual
stimulus. The sensation occurs frequently, but not with
every trial, and the illusion is robust, being produced by
a variety of visual stimuli. The hallucination vanishes
when the 2nd click is delayed by much more than 100
ms. The authors reporting this phenomenon pointed out
various mechanisms might be responsible for the hal-
lucinatory sensation. It could be developed in ‘‘higher’’
visual centres or could be due to feedback from the more
anterior visual centres to the primary cortex. We have
investigated the possibility that activity in V1 is associ-
ated with this phenomenon by recording evoked po-
tentials (in the ﬁrst instance Oz–Cz) evoked by clicks or
visual stimuli, or combinations of both. Our stimuli had
the same temporal relations as previously employed
(Reisberg, 1978). In preliminary experiments with ﬂash
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scribed in detail by Shimojo and Shams) we found that
there was an apparent electrical activity related to the
second click. But the complexity of the EP, and its
widespread distribution over the cortex does not lend
itself to interpretation. Therefore in the experiments
reported below we used pattern reversals to evoke the
simple P100 known to be localised to V1. This evoked
potential is large, well localised, has a simple waveform,
and the peak time varies very little between subjects and
between diﬀerent occasions on the same subject. In ad-
dition the stimulus (see Section 2) is very brief, and this
is important to the study because we have two stimuli
within a period of 80–120 ms. We did not ask the sub-
jects to report if extra visual stimuli were experienced.
Running concurrent psychological experiments would
have so complicated and lengthened the protocol, and
slowed down the speed of data-gathering, that the ex-
periments would have been unfeasibly prolonged. The
assumption underlying our approach is that if excita-
tions by the diﬀerent modalities are independent, when
the response to a combined auditory and visual stimulus
has subtracted from it the responses to the isolated au-
ditory and visual stimuli, there should be no residual
voltage. Therefore we have deliberately used weak
stimuli that evoke small cortical potentials, since in any
system, small signal behaviour will approximate to
linearity. This assumption has been frequently made by
others working in the ﬁeld of event related potentials
(Regan, 1989, Chap. 1; Super, Spekreijse, & Lamme,
2001a, 2001b). Subtraction of one response from an-
other, particularly when each is small, requires pro-
longed averaging and carefully ordered experiments. We
have also recorded Laplacians centred on V1. In this
technique (Manahilov, Riemslag, & Spekreijse, 1992;
v.d.Marel, Dagnelie, & Spekreijse, 1984; Ossenblock,
Reits, & Spekreijse, 1994; Riemslag, Beers, & Spekreijse,
1992; Srebro, 1985a, 1985b; Srebro, Oguz, Hughlett, &
Purdy, 1993a, 1993b), a number of electrodes are ar-
ranged symmetrically about a central one, each refer-
enced to the same distant point. The Laplacian is the
diﬀerence between the voltage recorded by the central
electrode and the average of the voltages recorded by the
peripheral electrodes. If current appears in the area of
scalp investigated, and ﬂows out of it to return through
deep pathways, the average of the voltages of the pe-
ripheral electrodes of the array will be less than that of
the voltage recorded by the central electrode and an EP
will be recorded. Conversely if the source of the scalp
current lies outside the electrode array the diﬀerence
between the average of the peripheral responses and the
central EP will be zero. We have used a square array (4
cm a side) and one central electrode. The generators can
only be localised to within this 16 cm2 area but the
temporal resolution is high. We have compared Lapla-
cians to the conditions of a visual stimulus paired withclicks, the visual stimulus alone, and the clicks alone.
This entails a further set of subtractions, and requires
even more prolonged experimental sessions in which the
data is gathered.2. Methods
2.1. Equipment details
We have used a suite of hardware and software to
record evoked potentials that is conventional and de-
scribed in detail elsewhere (Arden, Vaegan, & Hogg,
1982). Low leakage current head stage ampliﬁers were
calibrated by passing the same EP though all ﬁve
channels, and recording the outputs. The nominal gain
(200,000) was equal in the ﬁve channels within 1%. Input
channels were multiplexed by an ADC card, running at
10 kHz. Samples were acquired at 0.5 ms intervals in
most experiments, and 0.8 ms intervals in some others.
The ampliﬁer bandpass was 1–100 Hz (Bessel function
four pole ﬁlters). The full scale deﬂection (FSD) on the
computer screen was ±20 lV. Voltages > 75% of FSD
were considered as artefactual and rejected by the soft-
ware. The epoch 300 ms after the trigger was analysed.
The stimulus repetition rate (nominally 0.8 s) was sub-
ject to some variation caused by the housekeeping of the
software, running under ‘‘Windows 98.’’ This helped
reduce entertainment of any repetitive EEG activity in-
duced by repeated stimulation.
The results were exported into a spreadsheet and the
results of several calibrations averaged, and used to
correct the small gain diﬀerences between channels to
<0.25%.
2.2. Visual stimulus
In almost all the experiments, the stimulus was a
centrally ﬁxated checkerboard, subtending 6 at the eye,
viewed binocularly at 1.14 m. The checkerboard had a
contrast of 30%, with an equiluminant surround at 30
cdm2, and occupied 40% of the screen. The monitor
refresh rate was 92 Hz. Thus the time between a change
to the top and to the bottom of the display was at most
4 ms. The edges of the checks subtended 200 at the
eye. The stimulus was a single reversal of dark to
light grey, or the opposite. To remove the visual stim-
ulus, the contrast was set at zero, but the reversals still
occurred.
2.3. Auditory stimuli
The software also produced a trigger for a device that
produced clicks. This consisted of simple timers that
produced 10 ms square waves, one without a measurable
delay, and a second with a delay variable between 20
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tuated a 1-in. mylar cone loudspeaker. The ambient
noise level in the recording room was 30 dB perceived,
measured with a Br€uel and Kjær sound meter, type
2203. Spectroscopic analysis of the clicks emitted
(Computerised Speech Lab Model 4300B) showed the
dominant frequency of the click was oscillations at 3.3
kHz, with almost all the power (17–24 dB in various
trials) in the odd harmonics. The relative perceived in-
tensity of the sound, measured with a Kamplex BS5969,
type 2 fast SLM was 12 dB. Thus, the experimental
room was fairly quiet with click stimulus of a perceived
loudness less than quiet conversation. The attenuated
voltage outputs of the device were passed through the
data acquisition software in each experiment to docu-
ment the interval between ﬁrst and second clicks. The
same device also produced trigger pulses and in a few
preliminary experiments, these were used to produce 0.1
ms ﬂashes from an LED display that was also used as an
unstructured visual stimulus.Fig. 1. (a) Diagram of stimulus conﬁgurations used, and the sub-
tractions of data sets used. The reversal occupied 4 ms, and the usual
inter-click interval was 80 ms. (b) Average records imported into a
spreadsheet, so relative timing and amplitudes of the responses can be
seen. The two vertical arrows show the click timing. The visual stim-
ulus––reversal of pattern contrast––always occurred at time¼ 0. It can
be appreciated that the subtraction of B from C would give a response2.4. Electrodes
Voltages were recorded from the scalp using Ag–
AgCl cup electrodes. In early experiments, single chan-
nel recording Oz to Cz (forehead earth) was employed
and the electrodes were attached with bentonite paste.
In later experiments, ﬁve-channel recording was used. A
central electrode at Oz (2 cm above the inion) was the
centre of a square array, with adjacent electrodes 4 cm
apart. These electrodes were secured with collodion. The
electrode-electrode impedance at 40 Hz was <5 kX.
that is diﬀerent to the response to sounds (D and E). The records are
from a single subject.2.5. Experimental design
Results were obtained by repeated recordings of po-
tentials evoked by blocks of 200 valid presentations.
Each was repeated, and then another stimulus conﬁgu-
ration was used. Blocks were entered into a database
and later averaged by the software. The order of stim-
ulus presentation was balanced (for example XYZ–
ZYX. . . etc).
Four or more complete cycles of the diﬀerent stimuli
described below (see Fig. 1) were always used. The
various stimulus conﬁgurations are shown in Fig. 1a.
When single channel recordings were made all these
conditions were used. When Laplacians were recorded, 3
or 4 of these conditions were used, to shorten the ex-
periment and reduce the eﬀects of inattention or fatigue.
Fig. 1a also shows how subtractions can be made be-
tween diﬀerent data-sets and the desired comparisons
made. The letters in the diagram are used below to
characterise the experimental results shown in later ﬁg-
ures. Typically >3200 responses were obtained for each
stimulus condition in each experiment.2.6. Data analysis
These averaged blocks were exported into Excel
spreadsheets, for further manipulation and the calcula-
tion of Laplacians. The various Laplacian records were
subtracted to achieve the ﬁnal result. (We computed the
diﬀerences between the Laplacians and found them to be
the same as the Laplacians of the diﬀerences between in-
dividual electrode records, which is of course necessary
and provides some assurance that the computations and
data-handling did not contain errors.) Because the entire
recording session was lengthy and there is diﬃculty in
maintaining alertness during the entire session, the full set
of experimental conditions shown inFig. 1was not carried
out in the Laplacian experiments. This was partially jus-
tiﬁed in the analysis, as the clicks alone evoke no Lapla-
cian response in V1. The subjects were 6 adults aged 21–71
(single channel recordings) and 4 adults, (Laplacian re-
cordings), whose ages ranged from 45–71. All had normal
corrected visual acuity. All gave informed consent.
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The various possible stimulus conﬁgurations are
shown in Fig. 1a. When single channel recordings were
made all these conditions were used. When Laplacians
were recorded, 3 or 4 of these conditions were used, to
shorten the experiment and reduce the eﬀects of inat-
tention or fatigue. Fig. 1a also shows how subtractions
can be made between diﬀerent data-sets and the desired
comparisons made. The letters in the diagram are used
below to characterise the experimental results shown in
later ﬁgures. Fig. 1b shows responses from a single
electrode pair, aligned to show their relative timing, and
the timing of the two clicks relative to the pattern re-
versal. The response (P100) to pattern reversals (A), is
not illustrated because it would confuse the diagram, the
point of which is to show that a visual stimulus paired
with a click (B) or 2 clicks (C) produces slightly diﬀerent
responses. Condition A can be seen in Fig. 2. It is ob-
vious by inspection that subtraction of B from C in Fig.
1b would give a small initially negative voltage, followed
by a positive voltage with a peak at 120 ms. This
diﬀerence voltage (C–B) should be the same as the re-
sponse to a single delayed click, if the responses summed
algebraically, but it is unlike either one or both clicks
which are also shown in Fig. 1b. Fig. 1a shows how
other subtractions could be made to determine whether
algebraic summation is occurring. If there is no addi-
tional voltage caused by interaction between auditory
and visual stimuli, then (C–A–E) will simply contain
noise. In the same way (B–D–A) can be used to detect if
the ﬁrst click changes the visual evoked response.
Fig. 2a and b show repetitions of similar types of
experiment. The details of the stimuli are indicated by
the labels placed against the traces. The software used
can display the standard error of each point in the dis-
play of the averaged result and this is shown in the
ﬁgure; the SE is scarcely larger than the line thickness.
This is expected, because the averaging procedures
would reduce noise by between 40 and 60 fold. The
software cannot provide estimates of variance after
subtractions have been made, and therefore other pro-
cedures were employed (see below and Appendix A).
The panel (C–A–E) shows the result of subtracting the
response to a visual stimulus alone, from the response to
clicks plus the visual stimulus, and then subtracting the
response to clicks alone. The results always showed that
after such subtractions there was a residual response.
This demonstrates some sort of interaction. Such a re-
sult would not be found if the evoked responses to
sound and to pattern were, for example, to be generated
in and conﬁned to, quite diﬀerent parts of the brain. Fig.
2b shows an experiment from a second subject, in which
the recorded response to pattern reversal has a largely
negative polarity. Diﬀerent stimulus-sets were used (see
Fig. 1a). Note that (C–B) which should give the responseto click 2 quite obviously gives a response that is delayed
relative to the response to clicks (E). Although the
evoked responses are diﬀerent in 2a and 2b, the lower
right hand panel (C–A–E) the extra response to clicks in
the presence of a visual stimulus is similar in both and
well above noise level: after a visual stimulus, clicks can
modify the visual evoked potential. Various additional
experiments were carried out. When unstructured ﬂa-
shes of light were used in preliminary experiments, the
same phenomenon was observed, but such stimulation
causes activation at many sites in the brain and therefore
the results do not contribute to the main work described
below. The single pattern reversal was perceived as a
sudden ‘‘jerk’’ of the display. It is not a stimulus that
permits a double event to be noticed, since any eye
movement may cause a similar percept, and this is an-
other reason why we did not conduct parallel psycho-
physical experiments.
We have carried out various manipulation on the
data but they are not reported in detail because single
channel records do not give information about the sites
of generation of the EPs. Therefore, Laplacian deriva-
tions were used (see Section 2). The Laplacians to var-
ious experimental conditions are shown in Fig. 3a. The
ﬁnal result to a single reversal (thin line A) was a well
characterised P100 waveform. The ordinate in Fig. 3
has the dimension of current, but only relative current
can be calculated because we do not know the speciﬁc
resistance in the area across which the voltages were
generated. The most striking diﬀerence between the
Laplacians and the results from single channel record-
ings is that clicks alone produce no signiﬁcant electrical
activity. This result suggests that the theory underlying
the use of Laplacians is correct i.e. that clicks generated
responses in auditory cortex but not in visual cortex. (It
should be noted the site where the auditory EP is gen-
erated is not deﬁned by this experiment.) In Fig. 3a, if
the response to clicks has been eliminated, the standard
deviation of the trace about 0 gives an estimate of
‘‘noise’’. The calculated value is 0.043. If the ‘‘extra’’
visual cortical response evoked by clicks is absent during
the ﬁrst 100 ms, then this portion of the trace can also
provide an estimate of noise. The calculated value is
0.031. It is evident that the extra response, when it does
appear, is many times greater than the noise.
Fig. 3 also shows the Laplacians of the diﬀerences
between experimental conditions. When the Laplacian
to clicks (no signiﬁcant response) is subtracted from the
Laplacian to clicks and the visual stimulus, the resultant
is not the same as the Laplacian to the visual stimulus by
itself. The 4th trace in Fig. 3a is the diﬀerence between
the Laplacians (C–E–A). It is a well characterised
waveform that peaks later than the responses to the
pattern reversal. Results similar to those of Fig. 3a were
found in two other observers. In one further case, a 71
year old, with very small evoked potentials (<3 lV) in
Fig. 2. (a) Typical responses from averager records, and some of the subtractions. Electrode at Oz referenced to Cz. (b) Another experiment, similar
to Fig. 2a, showing diﬀerent subtractions of averager records. If the various responses add algebraically, the bottom right hand panels (C–A–E)
should only contain noise, but a clear response is visible. All the records are from one subject and a single experiment. In records labelled A, B, C, E,
±2 SEs are indicated. The software cannot provide estimates of variability after subtractions.
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Fig. 3. (a) Laplacians calculated from ﬁve electrodes. The results are
smoothed. The medium line shows the response to the visual stimulus
(with 2 clicks), fromwhich the response to two clicks has been subtracted
(C–E). This should be identical to the recorded response to the visual
stimulus alone (thin line (A)). This is clearly not the case. The thick black
line peaking at135ms is the second diﬀerence (C–A–E). This represents
the computed eﬀect of the clicks on the visual evoked response. The
fourth trace (dashed) is the Laplacian to clicks; there is almost no re-
sponse indicating that the voltages recorded in earlier ﬁgures were gen-
erated outside V1. The ordinate of these ﬁgures is relative current, but the
quantity is arbitrary, because we do not know the resistivity of the tissue.
The numbers on the Y -axis refer to the subtractions of voltage traces,
that were in microvolts. The standard deviation of the dashed trace can
be used to estimate the noise value (see text). (b) Top: The extra current
generated by a click delivered simultaneously with a visual stimulus (B–
A). Note the relatively long peak time. Centre trace: The additional
Laplacian response to the delayed second click (C–B–A) (experiment in
another observer). The peak of the additional second-click response is
only slightly longer than the response to the ﬁrst click (3b, top). Lower
trace: The response to the second click when the sound stimuli are given
without a visual stimulus (E–D). The initial values of these three traces
was initially 0, and the upper trace has been displaced upwards by 0.5
and the lower, displaced downwards by 0.4 units, for clarity. (c)Mean of
two experiments in another observer, showing how the response (C–A–
E) changes with change of inter-click interval from 80 to 100 ms.
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sponses for one condition from another gave results just
above noise level. In the others, the additional current
was considerable. The signiﬁcance of this is discussed
below.
Fig. 3b (top) is a Laplacian showing the extra activity
added to the visual response by click 1 delivered si-
multaneously with the reversal (B–D–A). It is a surface-
positive–surface-negative response that peaks at about
110 ms. Note this is a relatively long delay. Fig. 3b
centre shows, from a diﬀerent experiment, the addition
to the visual response caused by a delayed click (C–B–
A). This response has a diﬀerent waveform, and it peaks
only 50 ms after the stimulus that apparently provokes
it. The peak is only 20–30 ms later than the response to a
simultaneous click, although the time interval between
the clicks is much longer (80 ms). Also shown is the
subtraction (E–D) that again indicates that there is no
extra activity caused by the second click in the absence
of a visual stimulus. As indicated above, the value of
noise can be estimated and is 0.051 in the units of the
ordinate. The peak to trough voltage of the response is
again greater than the noise, and the Appendix A gives
methods of estimating the probability that the response
is not due to noise.
In Fig. 3c, responses to 2 inter-click intervals were
compared (100 and 80 ms). In these experiments both
intervals were used in one experiment. The waveform of
the diﬀerence between the Laplacians should as before
give the additional current generated in V1 by the sec-
ond click, but the timing of the waveform should alter.
In successful experiments on two subjects the peak time
of the Laplacian (C–E–A) increased by 20 and 18.5 ms,
respectively when the second click was delayed by an
additional 20 ms. It is most unlikely that this result cold
be obtained if the results were heavily contaminated by
noise. Thus the timing of the click-evoked activity in V1
depends critically upon the interval between the audi-
tory and the visual stimulus in an unusual way.
Variability: In these quite lengthy experiments, the
waveform of an average of 200 responses to a single
condition was similar in each of the ﬁve channels, but
when the stimulus was repeated some minutes later, the
amplitudes and waveforms of the second group of re-
sponses (although still resembling each other) could be
slightly diﬀerent in amplitude and waveform from the
ﬁrst block. The results of subtracting responses to dif-
ferent conditions produces a residuum which does not
have the same waveform in all observers (Fig. 3). This
implies that recording for short periods in a number of
diﬀerent observers, and ‘‘averaging across observers’’ is
inappropriate. There is also some variability between
experiments on the same subject from day to day. The
responses in Fig. 3c are for the same subject as in Fig. 3a,
and the inter-experiment variability of the result is ob-
vious for times >150 ms following the pattern reversal.
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The present results show that in the 16 cm2 over the
surface projection of V1, sound stimuli alone do not
generate electrical responses, but the response to visual
stimuli can be modiﬁed by sounds. There have been
previous reports that this can occur (Shams, Kamitami,
Thompson, and Shimojo (2001) who described the illu-
sion which started our investigation). Our experiments
are much more extensive than the others reported, and
previous accounts also contain some methodological
oddities and anomalous results. Shams et al. have car-
ried out experiments formally similar to ours. They used
a small unstructured peripheral ﬂash, and recorded be-
tween nasion and inion. They recorded 100 trials for
each experimental condition, averaging over 13 subjects.
In a brief report they present only diﬀerence waveforms
that correspond to our C–E–A. They ﬁnd ‘‘early’’ ac-
tivity corresponding to the second click at 170 ms, but
there is no obvious waveform, and the extra response
was assumed to originate in the occipital cortex. Fig. 3a
and b conﬁrm and extend this ﬁnding showing that the
interaction is indeed in V1, and occurs even earlier.
Giard and Perronet (1999), using multiple electrode ar-
rays, analysed the response to simultaneously presented
sound and auditory stimuli. The stimuli were the de-
formation of a circle into an ellipse and a change in pitch
by less than a quarter tone. At the same time, motor
reaction times were measured. The visual stimuli caused
no occipital voltage change before 185 ms. However, the
multimodal stimuli produced interactions in the ﬁrst 40
ms after the stimuli, and the interactions were symmet-
ric. Since a good part of the delay of the VEP is intra-
retinal, and such delays are absent in the auditory
pathway this degree of symmetry is surprising. Although
interactions were detected by statistical analysis, no
waveform of the interaction was demonstrated, and,
from the graphs, it seems no response was seen com-
parable to ours. This is probably due, as indicated
above, to diﬀerences between the techniques used in this
work and by other authors.
Animal experiments have demonstrated multimodal
neurones in the visual cortex and EPs in cortex adjacent
to auditory and somatosensory regions (Finney et al.,
2000). There may even be regions close to primary visual
and other sensory cortices that contain many muliti-
modal neurones. But such multimodal neurones do not
evoke a local EP in our experiments. Rather, our results
indicate that primary cortex is aﬀected by an interaction,
and they show that it occurs very rapidly after the sound
stimulus. If this response is related to the erroneous
percept reported, it is surprisingly large, because, for
foveally ﬁxated visual stimuli, the illusion only occurs in
about 21% of trials (Shams et al., 2001; Shimojo &
Shams, 2001). We average the responses to (nearly)
every visual stimulus and if the new response only occursin those trials where there is a percept, Fig. 3 shows that
its amplitude, when it does occur, may approach that of
the EP to a real stimulus, strongly suggesting that the
same number of cortical cells are involved.
We began these experiments to discover if the visual
cortex responded when stimuli that have been reported
to produce a hallucination were used. We used a reversal
of a constantly present checkerboard as a stimulus
suitable for EP recording. It does not however lend itself
to the psychological experiments such as carried out by
Shams et al. (2000) and we have not carried out such
experiments. Our data show that when already stimu-
lated, visual cortex can respond to stimulation via
another sensory modality. The computed waveform
apparently evoked by sound in V1 (when combined with
a visual stimulus) is a simple surface-positive response
with a duration similar to that generated by a visual
stimulus alone. The timing, relative to the stimulus
however varies, as shown in Fig. 3b. (The later negative
components visible in 3a–c are variable, and we have not
investigated them.) Shams and Shimojo imply their
phenomenon can be seen with any visual stimulus. Thus
our experiments add some support to the idea that the
hallucination involves V1. Our experiments also provide
information about the mechanisms involved in the
generation of the EP. The cortical response to the ﬁrst
sound stimulus changes the response only after about
100 ms, i.e. when the cortex responds to the visual
stimulus. The response to the second sound stimulus
peaks only 20–45 ms after the provoking auditory
stimulus. Thus sound only activates the visual cortex
after it has been excited by a visual stimulus. The delay
between the sound and the response in a primed visual
cortex is small. The pathway involved is therefore likely
to be the fast auditory brain–stem response and excita-
tion that passes through the thalamic radiation to the
cortex. If there were to be feedback from auditory cortex
(or from more anterior cortical areas) to visual cortex
the additional activity could not occur so quickly. Direct
input of visual information to the auditory cortex in the
deaf (Finney et al., 2000; Ptito, Giguere, Boire, Frost, &
Casanova, 2001) and direct input of tactile information
to visual cortex in the blind (Sadato et al., 1996) has
been described, so there is reason to suppose that po-
tentially direct pathways between visual cortex and
other aﬀerent systems exist.
In blindsight (Barbur, Weiscrantz, & Harlow, 1999;
Weiskrantz, Barbur, & Sahraie, 1995), the subject is not
conscious of any visual sensation, because primary vi-
sual cortex has been destroyed. But visual information
reaches the brain, via midbrain and thalamic pathways
that activate other visual areas in the cortex, and this
information can be acted upon. The hallucination de-
scribed by Shams et al. appears to be the inverse of this;
the subject perceives a visual stimulus which is not there,
when primary visual cortical activity is aroused by an
2476 G.B. Arden et al. / Vision Research 43 (2003) 2469–2478unusual means. In the original description, the qualities
of the errant visual stimuli were perceived. Our electrical
ﬁnding is that something like a visual EP occurs after a
very brief interval. The inappropriate stimulus via the
thalamic radiation can apparently ‘‘read out’’ a sensa-
tion from the sheet of cortex in which there are cells with
diﬀering properties, in a way that permits consciousness
of stimulus qualities to develop. Thus the result may
have relevance for the theory of short-term memory and
the mechanisms which are involved in percepts. Similar
suggestions have recently been made from quite diﬀerent
types of experiment (Lamme, Super, Landman, Roelf-
sema, & Spekreijse, 2000; Ress, Backus, & Heeger, 2000;
Roelfsema & Spekreijse, 2001; Super et al., 2001a,
2001b; Tanaka, 2001).Acknowledgements
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Hogg for construction of the sound stimulator.Fig. 4. An estimate of the signiﬁcance of some of the responses in the
paper. The ﬁlled and open squares refer to thick line in Fig. 3a, using
two diﬀering methods of estimating noise. Note that after 100 ms all of
the samples are outside the values predicted by simple binomial
probability. The open circles refer to Fig. 3b, central traces, which is
much noisier, but shows a similar trend. For further information, see
text of Appendix A.Appendix A. Statistical evaluation of signiﬁcance of
evoked potentials
While the responses shown in Figs. 2 and 3 are well
characterised waveforms, it is important to determine if
they are signiﬁcantly diﬀerent to noise. If the response to
every stimulus had been digitally recorded, then it would
be possible to use a computer program to discover the
mean, variance, standard deviation and standard error
for any time point on the recording t ¼ s. However, even
though the software we use can illustrate these values for
a single recording, the only data that can be exported for
further computation are the mean values. When several
recording sessions are combined, and Laplacians cal-
culated, it is impossible to relate the voltages to the
standard error of the entire data set for t ¼ s. This is a
problem in many investigations, and the aim of this
appendix is to show how one can use statistics to test for
the null hypothesis (that the voltages in the manipulated
trace do not diﬀer signiﬁcantly from those expected
from noise alone) even without a complete digital
analysis of every trace. One must ﬁrst specify noise. If
the experiment contains traces where there was no re-
sponse, those traces may be considered as noise. An
example in Fig. 3 is the Laplacian recorded at V1, in
response to click stimuli which we assume cause no local
activity (if the electrodes are not perfectly positioned,
some response may appear to be generated, and the
estimate of noise levels will be too large). Another way,
if the response is well characterised, is to take a portion
of the trace that is a priori known not to contain a re-
sponse––e.g. during the ‘‘latent period’’ that precedesthe response. By squaring and summing the values of
samples in a record (from t ¼ 0 to t ¼ s), the variance
of the noise array can be determined, for a proportion of
the averaging period. The mean value of the samples will
tend to zero. The standard deviation (SD) of the noise
voltage can be easily calculated, if the data are trans-
ferred to a spreadsheet. Then one can discover if any
value in the response array exceeds ±2 SDs of the noise.
If it does so, then this value is unlikely to have been
obtained by chance, with a probability of 0.05. However
this ﬁnding, by itself, does not tell us whether the whole
array can be considered signiﬁcantly diﬀerent from
chance, and if so, by how much. The estimation can be
made as follows.
The traces in Figs. 2 and 3 contain 600 points. Con-
sider a subset of 20 in which the true signal voltage is
zero. If the value of each point is tested against ±2 SDs
of the noise, the most likely outcome is that one point in
an array of 20 will be >2 SDs above zero, i.e. appear to
be signiﬁcant. (The reason is that the probabilities are
multiplicative and 0.05 · 20¼ 1. This is why textbooks
of statistics for biologists advise against carrying out
multiple t-tests.) But by taking a window of, say, 20
points, one can determine for successive intervals how
many such points there are within the window. This has
been done and the results are graphed in Fig. 4 for the
Laplacian showing the extra response evoked in V1 by
clicks combined with a visual stimulus. The two diﬀerent
methods of evaluating noise have been described in
Section 3. After an initial period when there are no
signiﬁcant values all the samples in the response are
signiﬁcantly above (or below) zero as indicated in Fig. 4.
It is obvious that this result is highly signiﬁcant, but in
Fig. 3a, inspection of the records shows the response is
smooth, and well characterised, and much larger than
the noise, so this is an expected result. In Fig. 3b, centre
G.B. Arden et al. / Vision Research 43 (2003) 2469–2478 2477record, the trace is much noisier and the response, if it is
present, is smaller. However, as Fig. 4 shows, many of
the samples between 80 and 160 ms contain a proportion
of results that are outside commonly accepted statistical
limits. Before and after this period, none of the samples
contain such results.
What estimates of probability can be made from such
an analysis? Deﬁne a minimal response as a square
wave, lasting for a ﬁnite number of samples, and so
small, that in only 50% of cases the noise plus the re-
sponse will exceed 2 SDs of the noise. Then (on average,
considering a large number of windows) in each window
period 10 will appear greater than, and 10 less than, this
value. If the signal is larger, then more than 50% of
samples will appear to deny the null hypothesis. Suppose
all the points are signiﬁcantly larger than noise. In such
a case the response will be at least double the voltage of
the noise, because even when the noise is at its maximum
negative value it will not reduce the response voltage to
the criterion level. What is the probability that such a
signal could be spurious and due to chance? It is evident
that this is a binomial probability, because we have al-
ready deﬁned the minimal response amplitude as that
which has a 50% chance of exceeding a particular value.
If as in Fig. 4, 60 consecutive points are above the
threshold, the response must be larger than the mini-
mum, with a probability of n60, the ﬁrst term of the bi-
nomial expansion of ðnþ pÞ60 where n ¼ p ¼ 0:5. This
probability is so small it cannot be calculated without
approximation by a simple PC (any rigorous treatment
would also consider the beginning and ending of the
response, and a response that changes from positive to
negative but that is not required here). Fig. 4 shows that
even in the noisy trace of Fig. 3b, so many points are >3
SDs above noise level that probability that the response
is present is overwhelming. Thus even for responses so
small they are within the ‘‘noise’’, a test for signiﬁcance
may be made providing that the response waveform is
simple and circumscribed in time, as is the case for most
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